1. Introduction {#sec1}
===============

Higher dietary intake as well as higher plasma levels of lipid-soluble micronutrients such as carotenoids, tocopherols and retinol, especially the tomato-derived lycopene have been shown to act as antioxidants, thus counteracting oxidative stress, and to be protective against various age-related diseases such as tumors, cardiovascular diseases, metabolic syndrome, atherosclerosis, and cognitive disorders \[[@bib1], [@bib2], [@bib3], [@bib4], [@bib5], [@bib6], [@bib7]\]. In contrast, low blood concentrations might be related to disease outcome. Previously, both low plasma micronutrient concentrations of lycopene or β-carotene, and high protein carbonyl concentrations (as biomarker for oxidative stress) were associated with the frailty syndrome in participants from the FRAILOMIC Initiative (n = 1700 from Spain, Italy, France; \[[@bib8]\]). However, there appear to be distinct age-related differences in lipid-soluble micronutrient blood concentrations that may potentially affect disease risk.

Plasma lycopene has been shown to be significantly lower in older subjects compared to younger subjects while other carotenoids (α- and β-carotene, β-cryptoxanthin, lutein/zeaxanthin), tocopherols and retinol, showed opposite associations or even no difference \[[@bib9],[@bib10]\]. Additionally, we have previously demonstrated that plasma lycopene was significantly lower in older participants, even after adjusting for several confounders (MARK-AGE Project; n = 2118 aged 35--75 years) in both men and women \[[@bib11]\]. However, it is not clear, whether the observed lower blood lycopene concentrations are due to lower dietary intake or an altered age-related metabolism. It is likely that older persons consume lower amounts of processed-tomato-based products (sauce, ketchup, pizza, etc.) than younger persons. However, data on intake-adjusted relationships of plasma carotenoids, tocopherols and retinol with age are limited so far. Therefore, we aimed to assess whether there are age-related associations in micronutrient concentrations and if adjusting to possible confounders as well as to dietary factors has an influence on appearing associations.

2. Materials and methods {#sec2}
========================

2.1. Study population and participant characteristics {#sec2.1}
-----------------------------------------------------

Our retrospective analysis included men and women aged 22--37 years (n = 465, termed "young") and 60--85 years (n = 1508, termed "old") living independently in the Berlin metropolitan area that had been recruited within the Berlin Aging Study II (BASE-II).

All subjects gave their informed consent for inclusion before they participated in the study. The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee of the Charité -- Universitätsmedizin Berlin (EA2/029/09) and registered with the German Clinical Trials Register (DRKS00009277). The description of the BASE-II study including participant recruitment, ethical approval, study sample and variable assessment has been reported elsewhere in detail \[[@bib12],[@bib13]\]. Participant\'s recruitment was carried out between June 2009 and July 2015, where anthropometrics, demographic data and nutritional data were assessed and blood samples were taken. Fasting blood samples were collected, and plasma samples were stored at −80 °C and transported on dry ice.

Participants' information included age (years), sex, weight (kg), height (cm), body mass index (BMI; kg/m^2^) current smoking status (yes/no) and self-reported frequency of servings of raw tomatoes, tomato sauce, ketchup, carrots, carrot juice, multivitamin juice, nuts, orange juice, tangerine, flax seeds, spinach and use of vitamin/mineral supplements were assessed by food frequency questionnaires (FFQs). Season of blood collection was additionally included as a variable due to its relation to carotenoid status. Frequency of reported medication intake and Mini Mental State Examination (MMSE) were available only for the old group.

2.2. Analyses of micronutrients and dietary data {#sec2.2}
------------------------------------------------

The analysis of plasma carotenoids, tocopherols and retinol by HPLC has been described elsewhere \[[@bib11]\]. Estimated glomerular filtration rate (eGFR) was calculated based on serum creatinine measurements, sex and age according to the full age spectrum (FAS) equation \[[@bib14]\] as this formula has been demonstrated valid in this population \[[@bib15]\].

A two-day study protocol was carried out where each participant\'s health status was examined and an FFQ on dietary habits was filled out \[[@bib12]\]. Participants completed the validated, self-administered 146-item EPIC-Potsdam-FFQ from Potsdam, Germany (European Prospective Investigation into Cancer and Nutrition). The EPIC-Potsdam-FFQ records the nutritional intake of the previous year \[[@bib16]\] and has been validated and reproducibility of the results has been demonstrated \[[@bib17]\].

It includes questions regarding food intake, such as the frequency of consumption and fat content of specific food items (e.g., meat and dairy products), and seasonal consumption of fruit and vegetables. The frequency of intake was measured using 10 categories ranging from "one time per month or less" to "five times per day or more". Serving size for fruits and vegetables was one portion (for carrots it was two carrots), one spoon of ketchup, one scoop of tomato sauce, for juice it was 200 mL (1 glass) and for nuts one handful. Frequencies are reported in [Supplemental Table 1](#appsec1){ref-type="sec"}.

2.3. Statistical analyses {#sec2.3}
-------------------------

Of the whole BASE-II study sample of 2171 participants, we selected only those with simultaneously available plasma samples (n = 2001) and FFQ data (n = 2126), thus our statistical analyses include data from a total of n = 1973 participants. Participants were grouped into four groups according to age and sex: young male, young female, old male and old female. Group comparisons are not specifically mentioned for young males vs. old females and young females vs. old males since these comparisons are not relevant for this study.

Demographic characteristics are described as follows: means with 95% confidence intervals (95% CI) or means with standard deviation for continuous variables, and frequencies (% (n)) for categorical variables. Differences in characteristics between study groups were assessed by Pearson\'s chi-squared test for categorical variables and general linear models (GLM) for continuous variables. When necessary, micronutrient concentrations were transformed (squared root (SR) and logarithmically (LN)) to achieve normal distribution and are described by geometric means with 95% CI.

Multiple regression analyses (forward stepwise approach) with age (years) as the dependent variable were carried out with all measured lipid-soluble micronutrients as covariates in the initial model to retain those micronutrients with the strongest association with age.

Differences in micronutrient concentrations between the four study groups were assessed by one-way ANOVA with Tukey\'s post-hoc test (unadjusted) and by GLMs with Bonferroni post-hoc test adjusted for BMI, smoking status and season.

For linear regression analyses the following age-groups (ca. 10 year-intervals) were formed to determine associations of age-groups with micronutrients: 22.0--29.9 years, 30.0--36.9 years, 60.0--69.9 years, and 70.0--84.6 years. Age-group as a determinant of those micronutrients with highest correlations with age was finally assessed and confirmed using GLMs adjusted for season of blood collection, participant characteristics (sex, BMI, smoking status), plasma cholesterol, and dietary intake (fruits, vegetables, nuts, juice, and use of vitamin/mineral supplements); partial Eta squared (ηp^2^) was used as a measure of effect size. For those micronutrients significantly associated with age, relevant food items were selected from FFQs. The following items were selected: raw tomato, tomato sauce, ketchup, carrot juice, multivitamin juice, nuts, orange juice, carrots, tangerine, flax seeds, spinach, vitamin/mineral supplements. Frequencies of servings were reported as servings per day, per week, per month or per year (see [Supplemental Table 1](#appsec1){ref-type="sec"}).

Statistically signiﬁcant differences were considered present at P \< 0.05. All statistical analyses were carried out using SPSS software (SPSS Inc., Chicago, IL, USA; Version 20.0.0). Microsoft PowerPoint was additionally used for figure preparation.

3. Results {#sec3}
==========

Characteristics of the study population are shown in [Table 1](#tbl1){ref-type="table"}. Men\'s weight, height, BMI and eGFR were significantly higher compared to women\'s in both, the old as well as the young group. The prevalence of smoking was higher in men compared to women in both age-groups. In contrast, cholesterol was higher in women than in men (both age groups).Table 1Characteristics of the study population.Table 1young male (*n* = 221)young female (*n* = 244)old male (*n* = 761)old female (*n* = 747)*P***Age (years)**29.2 (28.8; 29.6)^a^28.6 (28.2; 29.0)^a^68.9 (68.7; 69.2)^b^68.3 (68.0; 68.5)^c^\<0.001**Weight (kg)**[a](#tbl1fna){ref-type="table-fn"}77.9 (76.1; 79.7)^a^64.5 (62.8; 66.2)^b^84.0 (83.1; 84.9)^c^70.1 (69.2; 71.0)^d^\<0.001**Height (cm)**180.8 (179.9; 181.7)^a^168.5 (167.7; 169.3)^b^175.6 (175.1; 176.0)^c^162.9 (162.5; 163.3)^d^\<0.001**BMI (kg/m**^**2**^**)**[a](#tbl1fna){ref-type="table-fn"}23.8 (23.3; 24.3)^a^22.7 (22.1; 23.2)^b^27.2 (27.0; 27.5)^c^26.5 (26.1; 26.8)^d^\<0.001**BMI-Groups**\< **18.5**4.1 (9)9.0 (22)0.0 (0)0.7 (5)**18.5--24.9**64.3 (142)70.9 (173)28.2 (214)43.4 (324)\<0.001**25.0--29.9**27.1 (60)13.5 (33)54.9 (417)35.5 (265)≥ **30.0**4.5 (10)6.6 (16)17.0 (129)20.5 (153)**Current smoker**34.8 (77)27.5 (67)10.4 (79)8.2 (61)\<0.001**Cholesterol (μmol/L)**4460 (4356; 4563)^a^4698 (4588; 4808)^b^5284 (5214; 5355)^c^5866 (5794; 5938)^d^\<0.001**eGFR**117.9 (115.8; 120.0)^a^113.9 (112.0; 115.8)^b^70.2 (69.4; 71.1)^c^68.4 (37.7; 69.3)^d^\<0.001**MMSE**n.a.n.a.28.31 ± 1.4028.78 ± 1.60\<0.001**Medication**n.a.n.a.2.66 ± 2.412.93 ± 2.340.038[^2]

We evaluated self-reported intake of food items via the EPIC-Potsdam-FFQ; selected food items are shown in [Supplemental Table 1](#appsec1){ref-type="sec"}. All food items differed significantly between the four groups except in serving of carrots.

In multiple regression analyses, significant associations with age (as the dependent variable) were determined for lycopene, α-tocopherol, γ-tocopherol, β-carotene and α-carotene in the whole study population ([Table 2](#tbl2){ref-type="table"}). An inverse association with age was observed for lycopene and α-carotene, whereas both tocopherols and β-carotene were positively associated with age. Retinol, β-cryptoxanthin and lutein/zeaxanthin were not associated with age and are therefore not included in the forward analyses.Table 2Associations of carotenoids, α- and γ-tocopherol, and retinol with age.Table 2*(B)*95% CI*partial RP***(μmol/L)**[a](#tbl2fna){ref-type="table-fn"}33.58(28.51; 38.64)\<0.001**(SR) Lycopene**−19.47(-21.28; −17.66)−0.430\<0.001**(SR) α-Tocopherol**8.111(7.199; 9.023)0.366\<0.001**(SR) γ-Tocopherol**5.455(3.132; 7.778)0.103\<0.001**(LN) β-Carotene**1.855(1.008; 2.702)0.096\<0.001**(LN) α-Carotene**−1.484(-2.512; −0.449)−0.0630.005[^3]

When comparing micronutrient concentrations between the four groups, statistically significant differences between men and women were observed, except for lycopene where no sex differences appeared ([Fig. 1](#fig1){ref-type="fig"} and [Table 3](#tbl3){ref-type="table"}). For retinol, α- and γ-tocopherol differences between men and women were found only in the old group.Fig. 1Lipid-soluble micronutrient concentrations in the study population.Results are shown as boxplots and statistically significant differences between the groups were assessed by one-way ANOVA with Tukey\'s post-hoc test; extreme values were included in the analyses but are not shown in the figure for better visibility; \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001.Fig. 1Table 3Lipid-soluble micronutrient concentrations (μmol/L) in the study population.[a](#tbl3fna){ref-type="table-fn"}Table 3young men (*n* = 221)young women (*n* = 244)old men (*n* = 761)old women (*n* = 747)*P***Lycopene**[b](#tbl3fnb){ref-type="table-fn"}4.31 (3.34; 5.57)4.04 (3.11; 5.24)3.04 (2.52; 3.65)[d](#tbl3fnd){ref-type="table-fn"}3.11 (2.54; 3.80)[d](#tbl3fnd){ref-type="table-fn"}\<0.001***Adjusted GLM***[c](#tbl3fnc){ref-type="table-fn"}2.07 (1.91; 2.24)[e](#tbl3fne){ref-type="table-fn"}1.83 (1.69; 1.98)1.25 (1.19; 1.31)[d](#tbl3fnd){ref-type="table-fn"}1.26 (1.20; 1.32)[d](#tbl3fnd){ref-type="table-fn"}\<0.001**α-Tocopherol**[b](#tbl3fnb){ref-type="table-fn"}21.4 (11.1; 35.0)21.7 (10.9; 36.0)27.3 (18.2; 38.2)[d](#tbl3fnd){ref-type="table-fn"}^,^[e](#tbl3fne){ref-type="table-fn"}28.4 (19.2; 39.5)[d](#tbl3fnd){ref-type="table-fn"}\<0.001***Adjusted GLM***[c](#tbl3fnc){ref-type="table-fn"}21.8 (20.7; 22.9)22.1 (21.1; 23.2)27.1 (26.5; 27.7)[d](#tbl3fnd){ref-type="table-fn"}28.3 (27.8; 29.0)[d](#tbl3fnd){ref-type="table-fn"}\<0.001**γ-Tocopherol**[b](#tbl3fnb){ref-type="table-fn"}1.047 (0.136; 2.813)0.914 (0.113; 2.481)1.344 (0.530; 2.532)[d](#tbl3fnd){ref-type="table-fn"}^,^[e](#tbl3fne){ref-type="table-fn"}1.285 (0.480; 2.481)[d](#tbl3fnd){ref-type="table-fn"}\<0.001***Adjusted GLM***[c](#tbl3fnc){ref-type="table-fn"}1.090 (0.994; 1.191)0.972 (0.886; 1.063)1.304 (1.252; 1.358)[d](#tbl3fnd){ref-type="table-fn"}1.261 (1.211; 1.312)[d](#tbl3fnd){ref-type="table-fn"}\<0.001**β-Carotene**[b](#tbl3fnb){ref-type="table-fn"}0.382 (0.080; 1.831)[e](#tbl3fne){ref-type="table-fn"}0.526 (0.193; 1.432)0.315 (0.100; 0.997)[e](#tbl3fne){ref-type="table-fn"}0.548 (0.225; 1.334)\<0.001***Adjusted GLM***[c](#tbl3fnc){ref-type="table-fn"}0.361 (0.430; 1.435)0.439 (0.518; 1.551)0.327 (0.356; 1.387)[e](#tbl3fne){ref-type="table-fn"}0.549 (0.597; 1.732)[d](#tbl3fnd){ref-type="table-fn"}\<0.001**α-Carotene**[b](#tbl3fnb){ref-type="table-fn"}0.142 (0.053; 0.383)[e](#tbl3fne){ref-type="table-fn"}0.200 (0.093; 0.430)0.117 (0.064; 0.212)[d](#tbl3fnd){ref-type="table-fn"}^,^[e](#tbl3fne){ref-type="table-fn"}0.166 (0.081; 0.338)[d](#tbl3fnd){ref-type="table-fn"}\<0.001***Adjusted GLM***[c](#tbl3fnc){ref-type="table-fn"}0.133 (0.153; 1.142)[e](#tbl3fne){ref-type="table-fn"}0.171 (0.195; 1.186)0.122 (0.131; 1.130)[e](#tbl3fne){ref-type="table-fn"}0.167 (0.179; 1.182)\<0.001[^4][^5][^6][^7][^8]

Differences between the young and old groups were found for lycopene, α-carotene, α-tocopherol, β-cryptoxanthin (only in women), and γ-tocopherol (only in men) ([Fig. 1](#fig1){ref-type="fig"}). β-Carotene, retinol and lutein/zeaxanthin did not differ between young and old participants regardless of the sex.

Subsequently, lycopene, α- and γ-tocopherol, α- and β-carotene were used in further adjusted GLMs and (multiple) linear regression models showing that the associations remained after adjusting for BMI, smoking status and season.

Means of these five micronutrients adjusted for BMI, smoking status and season remained significantly different between the four study groups ([Table 3](#tbl3){ref-type="table"}, adjusted GLM).

Linear regression analysis with age-groups as covariates confirmed the inverse association of lycopene with age and the positive associations of both tocopherols and α-carotene with age ([Table 4](#tbl4){ref-type="table"}). These associations remained for lycopene and both tocopherols even after adjusting for co-factors and covariates ([Table 4](#tbl4){ref-type="table"}). In detail, for every increase in age-group, lycopene concentration was lower by 21.9% (−0.312 μmol/L) after adjusting for BMI, sex, smoking status and season of blood collection. Significant associations of higher α-tocopherol (+2.270 μmol/L or 8.6%) and γ-tocopherol (0.071 μmol/L or 5.8%) with increasing age-group after adjustment for co-factors and covariates were found whereas there were no associations of α-carotene or β-carotene with age-groups after adjustment for BMI, sex, smoking status and season. After adjusting for dietary habits, cholesterol and eGFR (for tocopherols) the associations for lycopene, α-tocopherol and α-carotene remained significantly associated with age-groups, with the highest change (%) observed for lycopene.Table 4Association of carotenoids and tocopherols with age groups.Table 4*B*95% CIPη[b](#tbl4fnb){ref-type="table-fn"}Change (μmol/L) [a](#tbl4fna){ref-type="table-fn"}Change (%) [b](#tbl4fnb){ref-type="table-fn"}**(SR) Lycopene**Age groups [c](#tbl4fnc){ref-type="table-fn"}−0.123−0.140; −0.107\<0.0010.100−0.30521.4Age groups [d](#tbl4fnd){ref-type="table-fn"}−0.113−0.131; −0.096\<0.0010.076−0.31221.9Age groups [e](#tbl4fne){ref-type="table-fn"}−0.123−0.141; −0.106\<0.0010.087−0.21815.3**(SR) α-Tocopherol**Age groups [c](#tbl4fnc){ref-type="table-fn"}0.2670.234; 0.301\<0.0010.1112.68610.2Age groups [d](#tbl4fnd){ref-type="table-fn"}0.2550.219; 0.291\<0.0010.0902.2708.6Age groups [f](#tbl4fnf){ref-type="table-fn"}0.0510.002; 0.0990.0390.0020.2991.1**(SR) γ-Tocopherol**Age groups [c](#tbl4fnc){ref-type="table-fn"}0.0610.047; 0.074\<0.0010.0380.13210.7Age groups [d](#tbl4fnd){ref-type="table-fn"}0.0450.031; 0.059\<0.0010.0190.0715.8Age groups [f](#tbl4fnf){ref-type="table-fn"}0.006−0.017; 0.0280.6230.0000.0070.6**(LN) β-Carotene**Age groups [c](#tbl4fnc){ref-type="table-fn"}−0.026−0.078; 0.0260.3230.000−0.0112.6Age groups [d](#tbl4fnd){ref-type="table-fn"}0.044−0.008; 0.0970.1000.0010.05212.3Age groups [g](#tbl4fng){ref-type="table-fn"}−0.033−0.114; 0.0480.4230.001−0.0071.7**(LN) α-Carotene**Age groups [c](#tbl4fnc){ref-type="table-fn"}−0.076−0.117; −0.034\<0.0010.007−0.0117.8Age groups [d](#tbl4fnd){ref-type="table-fn"}−0.014−0.057; 0.0280.5090.000−0.0064.0Age groups [g](#tbl4fng){ref-type="table-fn"}−0.066−0.124; −0.0080.0260.005−0.0042.7[^9][^10][^11][^12][^13][^14][^15][^16]

4. Discussion {#sec4}
=============

Several studies have examined lipid-soluble micronutrient status in the context of aging. Most of these publications relate to measurements in plasma/serum and/or on dietary assessments. Some of these studies found an inverse association between lycopene and age while other lipid-soluble micronutrients were positively or not associated with age \[[@bib9],[@bib10],[@bib18], [@bib19], [@bib20]\].

Brady et al. reported that age was positively associated with all serum carotenoids, except with lycopene (inverse association) in 400 participants older than 50 years \[[@bib18]\]. Even after adjusting for several cofactors (smoking, intake of supplements, alcohol consumption, BMI, HDL, non-HDL cholesterol), age was inversely associated with serum and dietary lycopene \[[@bib18]\]. Significantly lower plasma lycopene was shown in participants aged ≥80 years (n = 491) in contrast to those aged \< 79 years (n = 148; P \< 0.05) \[[@bib9]\]. In the total sample, women had higher concentrations of carotenoids than men, except for lycopene which was higher in men \[[@bib10]\]. Furthermore, multivariate analyses revealed that in male non-smokers (n = 121) lycopene was inversely associated with age (β-coefficient for age (10-year interval) r = −0.23, P \< 0.001), whereas in women (n = 186) no significant associations with age were observed \[[@bib19]\]. In contrast to most other carotenoids, lycopene seems to decline during aging. Data from the European MARK-AGE Project show that the inverse relationship of lycopene with age is already observed in healthy participants starting at 35 years of age \[[@bib11]\]. This inverse association was observed in men and in women equally.

In contrast, multiple regression analyses showed that only region and season of blood collection were significant predictors of plasma lycopene (EPIC study, n = 3011) \[[@bib21]\]. Furthermore, it was demonstrated that BMI was inversely associated with serum concentrations of α- and β-carotene in unadjusted analyses. After adjusting for confounders, BMI was inversely associated with all carotenoids except with lycopene \[[@bib18]\]. These observations may reflect changes in behavior or physiology, which in turn may be attributed to age \[[@bib18]\]. Except for zeaxanthin, age was not an important predictor in regression analyses in the EPIC cohort (n = 3043), which is most probably due to the narrow age-range among the subjects (45--64 years) \[[@bib21]\].

Plasma concentrations of lipid-soluble micronutrients rely on their dietary intake. The observed correlation between plasma lycopene with tomato products assessed by food questionnaires was r = 0.38 \[[@bib10]\]. Total fruits and fruits and vegetables intake correlated with β-cryptoxanthin (r = 0.52 and r = 0.46, respectively). Fruits and vegetables intake correlated also with lutein (r = 0.38) and zeaxanthin (r = 0.36) as did root vegetables and total carrots with α-carotene (r = 0.39 and r = 0.38, respectively) \[[@bib10]\]. Furthermore, significant positive correlations of fruit, vegetable and juice intake with carotenoid concentrations in plasma were found in men (n = 284) and women (n = 287) aged 20--59 years \[[@bib22]\]. Additionally, in a small study with men and women aged \>50 years, the adjusted correlation (for age, BMI, cholesterol and triglycerides) between intake and plasma concentrations for lycopene was r = 0.47 \[[@bib19]\]. Similar results with adjusted (for age, sex, energy intake, BMI, serum cholesterol, smoking status and month of FFQ administration) correlations of r = 0.14--0.35 were found in 402 participants aged approximately 60--62 years \[[@bib23]\]. These results imply that there is a correlation between intake and plasma.

Thus, there is no clear explanation for the inverse age association for lycopene, up to date. In addition to a possibly reduced intake in advanced-aged people, it has been suggested that the bioavailability of lycopene - in contrast to other carotenoids - is impaired during aging. This might be due to more pronounced effects of age-associated physical or chemical alterations of the gastrointestinal tract \[[@bib24],[@bib25]\]. Furthermore, physiological changes and lifestyle factors might influence serum/plasma carotenoid concentrations. Since lycopene is derived mainly from tomato products it is possible that some persons (e.g. young persons or men) consume more lycopene-rich products (ketchup, tomato sauce, pizza, etc.) than foods which are rich in other carotenoids (other fruits and vegetables). Food processing can increase the accessibility of carotenoids to the metabolism and thus can lead to a higher bioavailability \[[@bib26]\]. It is known that lycopene bioavailability is better from processed tomato products than from raw tomatoes \[[@bib27],[@bib28]\]. This is also true for β-cryptoxanthin that is better bioavailable from orange juice compared to fresh oranges \[[@bib29]\] and for β-carotene from processed carrots compared to fresh ones \[[@bib30]\]. Beside possible beneficial effects, processing or cooking of fruits and vegetables can also lead to reduced contents of carotenoids \[[@bib28],[@bib31],[@bib32]\]. However, the addition of oils during food processing or while eating can enhance bioavailability of carotenoids by potentially better incorporation of these into micelles, which are needed for absorption \[[@bib26],[@bib33]\].

Few studies have examined the bioavailability of lycopene. The chylomicron-responses of lycopene, α-, β-carotene and lutein do not differ markedly between older (60--75 years) and younger (20--35 years) adults, respectively \[[@bib34]\]. But unfortunately, only 16 subjects were included in this study and they were only men. When results of the chylomicron-carotenoid response were standardized to chylomicron-triacylglycerol response there was a remarkable difference observed for lycopene. In fact, the significantly reduced triacylglycerol-standardized lycopene response (−40%, P \< 0.04) indicates that the bioavailability of lycopene is reduced in older men.

It is possible that the intake of lycopene in older subjects is lower; however, this effect may be masked partially in non-standardized chylomicron response curves since it is known that the chylomicron clearance is reduced in older persons \[[@bib34]\]. The standardized β-carotene response after a tomato meal did not differ between the groups. Therefore, the effect on the carotenoid bioavailability is likely to be independent of the food matrix (tomato). In contrast to other carotenoids the cellular uptake of lycopene seems to be more strongly influenced by age \[[@bib24],[@bib35]\] which was demonstrated by a low absorption efficiency \[[@bib36]\].

Regarding the significantly age-associated micronutrients ([Table 2](#tbl2){ref-type="table"}, [Table 3](#tbl3){ref-type="table"}) in our study, we observed comparable or different concentrations to other studies. Compared to young individuals (n = 349; aged 25--45 years) from five European countries (France, Northern Ireland, Republic of Ireland, The Netherlands and Spain) \[[@bib37]\] young individuals (aged 22--37 years) in our study had higher lycopene, similar α- and β-carotene, and lower α- and γ-tocopherol concentrations. Similar concentrations for α-tocopherol (young) and α-carotene (young and old) were found compared to young (35--44 years) and old (60--74 years) individuals from the MARK-AGE study (Austria, Belgium, Germany, Greece, Italy, and Poland) \[[@bib11]\]. However, in our study, lycopene in young and old individuals was higher and α-tocopherol in old individuals was lower compared to MARK-AGE. These differences might appear due to regional and thus differences in eating habits between study populations. Additionally, none of the groups in our study showed any deficiencies regarding α-tocopherol (\<12 μmol/L \[[@bib38]\]) or retinol (\<0.7 μmol/L \[[@bib39]\]) concentrations. For carotenoids, no cut-off concentrations are defined, yet.

The limitations of our study include its cross-sectional nature which does not allow any conclusion on causality. Additionally, no participants between 40 and 60 years were included in the study although this would have been an interesting age-span as shown in the MARK-AGE Project \[[@bib11]\]. Data on intake of micronutrients from foods were limited to raw tomatoes, tomato sauce, ketchup, carrots, carrot juice, multivitamin juice, nuts, flax seeds, spinach, orange juice and tangerine, and not considering other seeds, leafy green vegetables or even animal products that potentially contain micronutrients, especially tocopherols and retinol. Thus, adjusted tocopherol concentrations might be over- or underestimated. However, lycopene, α-tocopherol and α-carotene all showed significant age associations, and thus the adjustment to their main dietary sources strengthens our results. For supplement use, we were only able to include the information whether supplements were consumed but unfortunately not which type of supplements or which dosages were used; this information could have improved analyses.

We are aware that especially for older populations the use of BMI is discussed critically \[[@bib40]\]. Therefore, we adjusted models in [Table 3](#tbl3){ref-type="table"} for weight instead of BMI (not shown) and achieved similar results, except for β-carotene where associations with age-group became statistically significant by replacing BMI with weight.

Cognitive function and medication were not available for the young participants, and are therefore missing as possible confounder for micronutrients for the young participants. Nevertheless, the large sample size (n = 1973), the availability of several confounders that were used for adjusting statistical analyses for sex, BMI, season of blood sampling, smoking status, dietary intake of fruits and vegetables and cholesterol are strengths of our study. Additionally, all lipid-soluble micronutrients were measured within one laboratory by well-experienced personnel, thus, preventing analytical bias.

It is well known that tocopherols are transported in lipoproteins. Therefore, vitamin E concentration is closely correlated with cholesterol and total lipids \[[@bib41],[@bib42]\] and adjusting to cholesterol showed that α- and γ-tocopherol remained significantly positively associated with age. Kidney function is also related to circulating levels of tocopherols. Gamma-tocopherol concentrations were shown to be significantly higher in hemodialysis patients (n = 15) compared to healthy controls (n = 15), whereas no difference appeared for α-tocopherol \[[@bib43]\]. Additionally, both tocopherol concentrations were significantly higher in healthy compared to hemodialysis patients, but did not differ between healthy controls and chronic renal failure patients \[[@bib44]\]. Furthermore, α-tocopherol was higher in healthy than in pre-dialysis patients as well as end-stage renal disease patients, which simultaneously had higher α-tocopherol than pre-dialysis patients \[[@bib45]\]. The prevalence of impaired kidney function in our study population ranged from 7.7 to 19.6%, depending on the equation used \[[@bib15]\]. However, since this was not in the focus of our study we did not adjust for eGFR. When including eGFR in the models for associations between tocopherols and age groups ([Table 4](#tbl4){ref-type="table"}) we observed that statistical significance remained for α-tocopherol after including eGFR to the respective models, but not for γ-tocopherol.

Absorption and post-prandial metabolism of β-carotene, β-cryptoxanthin and lutein/zeaxanthin are most likely not significantly affected in healthy older persons. In contrast, the bioavailability of lycopene and α-carotene seem to be impaired in older subjects.

Larger studies on the bioavailability of lycopene especially in old participants are lacking. In addition, an effect of participant\'s on bioavailability of lycopene sex cannot be excluded since previous studies have only been carried out with men. Furthermore, previous studies are difficult to compare since they differ not only in study design (number of participants, duration of intake, type of supplements, food, carotenoids vs. lycopene alone), but also in measurements (plasma/serum vs. chylomicron).

5. Conclusions {#sec5}
==============

We observed significantly lower lycopene and α-carotene concentrations with age and confirmed the inverse associations between age and lycopene and α-carotene, as well as the positive association between tocopherols and age in multiple linear regression analyses. Since lycopene and α-carotene are important antioxidants, low concentrations might lead to higher oxidative stress, which might lead to an increased susceptibility for diseases. Furthermore, lycopene and α-carotene are associated with lower incidence of various age-related diseases such as tumors, cardiovascular diseases, metabolic syndrome, atherosclerosis, and cognitive disorders, thus it is important to understand the underlying mechanisms in order to implement dietary strategies for the prevention of these age-related diseases.

For the first time we were able to show that age-associated differences of plasma concentrations of micronutrients, in particular lycopene, are related to factors other than dietary habits and most likely bioavailability is altered during aging.

To explain the lower lycopene concentration in older subjects, bioavailability studies are necessary. These should take into consideration the following aspects: sufficient number of participants, inclusion of both sexes, comparison of lycopene and β-carotene (which does not seem to be associated with age in adjusted models) availability, sufficient age difference (approx. 20--25 years vs. 60--65 years) and exclusion of persons with gastrointestinal diseases. These data will serve as basis for further planned studies on bioavailability of lycopene in old age.
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[^1]: These authors contributed equally.

[^2]: Weight/BMI was missing for n = 1 old male. GLM with Bonferroni post-hoc test for continuous variables, Chi-squared test for categorical variables; n.a.: not available; continuous variables are expressed as mean (95% CI) or mean ± SD and categorical variables are expressed as % (n). Cholesterol (n = 1965), MMSE (n = 1409) and Medication (n = 1235).

[^3]: Multiple regression analyses (forward stepwise approach) with age (years) as the dependent variable; all measured lipid-soluble micronutrients were assessed as covariates in the initial model (n = 1973), sum R = 0.550, sum R^2^ = 0.303.

[^4]: Geometric mean (95% CI) of back-transformed data.

[^5]: One-way ANOVA with Tukey\'s post-hoc test; P \< 0.05.

[^6]: Adjusted general linear model (GLM): univariate general linear model adjusted for BMI, smoking status and season; Bonferroni post-hoc test; P \< 0.05.

[^7]: Statistically significant difference between age-groups: old men compared to young men; old women compared to young women.

[^8]: Statistically significant difference between sexes: men compared to women within the same age group.

[^9]: (SR) square root transformed; (LN) logarithmic transformed. Regression coefficient B represents the increase/decrease in respective compound for each (multiple) linear regression model.

[^10]: Mean change of back-transformed data (μmol/L) per age group.

[^11]: Change in unit increase as percentage (%) of the geometric means (lycopene: 1.425 μmol/L, α-tocopherol 26.29 μmol/L, γ-tocopherol 1.230 μmol/L, β-carotene: 0.423 μmol/L, α-carotene: 0.146 μmol/L).

[^12]: Linear regression analysis with age groups (n = 4) as a covariate with micronutrient as dependent variable.

[^13]: Multiple linear regression analyses with age group, BMI, sex and smoking status as covariates, and season as random factor.

[^14]: Lycopene: Multiple linear regression analyses with age group, BMI, sex and smoking status as covariates, and season as random factor; cholesterol, frequency of raw tomato, frequency of ketchup, frequency of tomato sauce; cholesterol n = 1409.

[^15]: α- and γ-tocopherol: Multiple linear regression analyses with age group, BMI, sex and smoking status as covariates, and season as random factor; cholesterol, frequency of reported dietary habits (frequency of intake of nuts, flax seeds, spinach and vitamin/mineral supplements (yes/no); eGFR, cholesterol n = 1409.

[^16]: α- and β-carotene: Multiple linear regression analyses with age group, BMI, sex and smoking status as covariates, and season as random factor; cholesterol, frequency of reported dietary habits (carrots, carrot juice, multivitamin juice, and vitamin/mineral supplements (yes/no); cholesterol n = 1409.
